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I. INTRODUCTION
R ECENTLY, silicon-on-insulator (SOI) structure has been in the phase of mass production, and the novel structures such as double gate and trigate have been extensively studied as a promising candidate for near future MOSFETs [1] , [2] . The successive reduction of device size will require the channel region with nanometer scale thickness. For example, ultrathin body double-gate (UTBD) FET is reported,whose body thickness is less than 10 nm [3] . The most basic form of the channel region in the aforementioned structures is a semiconductor slab sandwiched by insulating layers. Few studies have been reported on the relation between the slab shape and the electronic structure using a first-principles calculations [4] . On the other hand, in the SOI and silicon germanium on insulator technology, the strain applied to the channel region is intentionally used to improve device performance [5] . Further, strain spontaneously occurs in the channel region during device manufacturing process for the complex structures such as the multigate. Therefore, it is an important and fundamental issue for near future semiconductor devices to study the electronic transport parameters of the strained semiconductor slabs with nanometer scale thickness.
In this letter, extraordinary change of effective mass due to the channel shape and the strain is reported for biaxially strained-Si thin films using density functional calculations. The physical origin of the divergence of the effective mass (effective mass anomaly) is the change from the band structure with double minima into that with a single minimum due to the strain and confinement. The mass enhancement limits the electron transport direction and causes significant effect on the transport. Considering the band structures in the confined system, I suggest the parameter regions where the electron transport is most affected experimentally by the anomalies, and discuss the relation to the UTBD FET experiments [3] .
II. CALCULATIONAL METHOD AND MODELS
Band calculation is based on the density functional theory [6] - [8] using pseudopotentials [9] , [10] [11] . The effective mass is calculated from a fitting of eigenvalues to the sixth-order polynomial. The calculation is performed using the Tokyo Ab Initio Program Packages (TAPP) code [12] . As a model of a Si film sandwiched by insulating layers, hydrogen-terminated Si (001), (111), and (110)-(1 × 1) slab models are used for the [001], [111] , and [110] confinements, respectively. The plane perpendicular to the confinement direction is uniformly strained from −4 to +4%, 1 and the lattice constant along the confinement direction is relaxed. The behavior of the calculated bulk electronic structure as a function of the strain agrees very well with that using a GW approximation [13] .
III. RESULTS AND DISCUSSION
For the slabs confined in the 110 directions, there are two kinds of valleys, ∆ 2 and ∆ 4 , which are along the [001] and [110] directions, respectively. Fig. 1 shows the longitudinal effective mass at the ∆ 2 valley in the [110] confinement as a function of biaxial strain and slab thickness. The strain is represented by the ratio of the strained lattice constant to the bulk value without strain. The strain more/less than 1 corresponds to the tensile/compressive strain applied biaxially to the plane perpendicular to the confinement direction. This figure clearly reveals two regions with extraordinarily large masses along a line. The confinement causes the contour lines to curve toward the direction of decreasing strain. This tendency becomes stronger as the thickness decreases. Very similar behaviors are obtained for the [111] confinement. On the other hand, for the 1 Some range of data is lacking because of the technical problem that the local density approximation underestimates the band gap and the large strain artificially makes the system metallic.
0741-3106/$25.00 © 2008 IEEE Fig. 1 . Longitudinal effective mass at the ∆ 2 valley in the 110 -confined slab as a function of strain and thickness. The unit of effective mass is the bare electron mass. The strain is represented by the ratio of the strained lattice constant to the bulk value without strain. The strain more/less than 1 corresponds to the tensile/compressive strain applied biaxially to the plane perpendicular to the confinement direction. To allow it to be drawn in the same figure, the k-position of the slab is mapped on that of the bulk. For the nonstrained bulk, the two levels cross and degenerate at the X -point because of the crystal symmetry.
[001]-confined slabs, there is no extraordinary longitudinal mass enhancement [14] .
From a detailed investigation of the band structures, it is found that such mass enhancement lines are the boundary where the lowest conduction band structure qualitatively changes from double minima to a single minimum. For (110) tensile strain, the behaviors of the electron valleys are plotted for the bulk and the confined films in Fig. 2 . The same analysis is valid for the (111) strained case.
When the band with double minima changes into that with a single minimum as a function of one parameter, it can be analytically shown that the curvature at the minimum becomes zero, that is, the effective mass along the merging direction diverges, as follows. Considering the time-reversal symmetry, the band with double minima near the Brillouin zone (BZ) boundary along the reciprocal lattice vector is expressed to the lowest or-
, where λ is the parameter used to change the band structure, k is the position in the BZ along the vector, and k 0 is at the BZ boundary. The k points with the extrema are given byk = k 0 , k 0 ± b(λ)/c(λ). Assuming that, when λ → λ 0 , the double minima merge into one, the following condition is obtained: b(λ)/c(λ)| λ→λ 0 = 0, that is, b(λ)| λ→λ 0 = 0. This means that the second derivatives of the band energy vanish and the effective mass diverges at λ 0 . The aforementioned treatment is the same as Landau's phenomenological theory for second-order phase transitions. Therefore, the longitudinal effective mass strictly diverges on the boundary lines for the two band structures. In the present case, strain and thickness of the films correspond to the λ. The strain is continuous and the aforementioned discussion is valid. On the other hand, the discussion holds approximately with respect to the confinement, because the thickness takes discrete values in the atomic level.
The mass divergence occurs when the band structure with the double minima changes into that with the single minimum. There are three possible origins of this band structure change: the strain, surface structure, and confinement.
Concerning the strain for the bulk, Ma and coworkers reported that the degeneracy of the lowest two conduction bands at the X point splits due to the (110) and (111) biaxial strains but does not do so due to the (001) biaxial strain from a semiempirical tight-binding calculation and group theory [15] , [16] . In this letter, it is shown that sufficiently strong (111) and (110) strains largely break the symmetry, split the degenerated bands at the BZ boundary, generate the lower band with the single minimum at the BZ boundary, and cause the effective mass anomalies for the thin films and the bulk.
Surface structure may cause the anomalies as well as the confinement. To evaluate the surface effect, I calculated the Si slab models whose terminator atoms in one side were replaced by Cl atoms, and found that the change of the surface structure qualitatively made no effect on the behaviors of the anomalies [17] . The dependence of the anomalies on surface relaxation was also checked. It was found that the surface relaxation did not affect the behaviors of the anomalies qualitatively. Therefore, the effective mass anomalies are essentially derived from the strain and the confinement.
From the configuration of the electron pockets, it is in the 110 confinement case that the effective mass anomalies have the largest effect on the electron transport, because, in 111 confinement, the anomalies are averaged out by the equivalent valleys along three different directions.
For the 110 confinement, there are two kinds of valleys, ∆ 2 and ∆ 4 , in which the latter does not reveal the anomalies. The parameter region suitable for the observation corresponds to the anomalies where the ∆ 2 valley is the conduction bottom. Fig. 3 shows the energy of the bottom at the ∆ 4 valley to that at the ∆ 2 valley (contour plot) and the anomalous points (closed squares). The positive region around the anomalous points is appropriate to the mass enhancement observation. In the 110 confinement, there are two such regions: that of the thickness range from the bulk to 6 nm and around the 0.98 strain, and that of the thickness range less than 2 nm and the strain range of 0.99-1.01. It is experimentally reported that the mobility for channel thickness less than 5 nm decreases in the UTBD FET in the 110 confinement [3] . Figs. 1 and 3 suggest that this mobility degradation may be due to the effective mass enhancement as well as the scattering by surface roughness. When the conduction current is large, the anomaly points where the ∆ 2 valley is energetically higher than the ∆ 4 valley may affect the transport, because the energy difference between the ∆ 2 and ∆ 4 valleys is small (<50 meV). For applications that involve, combining piezoelectric devices, the effective mass may be controlled by voltage.
Recently, Ungersboeck et al. [18] reported that the change of effective mass due to the 110 uniaxial strain causes strong anisotropy in mobility enhancement. Thus, it is expected that the effective mass anomalies affect real transport properties.
Note that, considering the mechanism of symmetry breaking and confinement, the effective mass anomalies are expected to be found for materials with the lowest conduction bands that are degenerate at a symmetry point and take their minimum energy near that point, such as diamond (C), SiC, AlSb, and GaP. The type of strain causing the anomalies is not limited to the biaxial one. All the types of strain splitting the degenerate bands can bring about the anomalies, if the strain is sufficiently large.
IV. SUMMARY
In summary, the effective mass of biaxially strained-Si thin films and crystals was systematically investigated using firstprinciples calculations. In (111) and (110) strained-Si, effective mass anomalies were found for both the thin films and the crystals. The confinement and the symmetry breaking due to the strain changed the band structure from double minima to a single minimum, which caused the anomalies. For such a case, it was analytically shown that the effective mass diverges. The experimentally observable regions of the strain and thickness were obtained for the 110 confinement. The aforementioned results suggest that, in nanometer scale device design, the change of transport parameter due to designed channel shape and strain should be considered.
